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ABSTRACT

Cereal Chem. 77(3):320-325

A series of cross-linked (0, 0.014, 0.018, 0.024, and 0.028% 3POCIVisco Analyser. Pasting profiles of starches extruded at different condi-
dry starch basis) hydroxypropylated (8%) corn starches were extruddibns displayed different hot paste viscosity and final viscosity. Increas-
using a Leistritz micro-18 co-rotating extruder. Process variables ining starch moisture content during extrusion and level of cross-linking
cluded moisture, barrel temperature, and screw design. Differential scamcreased starch viscosity? (< 0.0001), whereas increasing extrusion
ning calorimetry and X-ray diffraction studies showed the level of starclemperature and shear decreased starch viscBsity0(0001). Interactions

crystallinity decreased with increasing severity of extrusiomditions.

were found between level of @®linking and screw design and between

Pasting properties of the extruded starches were examined using a Rapidrusion temperature and starch moisture conest@.0001).

Extrusion is an important method for processing starch and
starch-based products (Colonna et a 1984, Colonna et al 1989,
Harper 1989). Extrusion cooking has been studied for the produc-
tion of pregelatinized, unmodified starches (Anderson et a 1970,
Mercier and Feillet 1975, Mercier 1977, Gomez and Aguilera 1984,
Doublier et al 1986, Chinnaswamy and Hanna, 1990, Ryu and
Walker 1995). Traditionally, pregelatinized starches have been pro-
duced by drum drying (Powell 1967). Pregelatinized starches display
an instant viscosity on dispersion in water without heating, and their
properties are dependent on cooking and drying conditions (Colonna
et al 1984)

The characteristics of extruded native starches are well docu-
mented, whereas relatively little is known of extruded chemically
modified starches. Extrusion processing is used to produce pre-
gelatinized starches, which have been reported to display different
pasting properties from those produced via conventional cooking
and drum drying (Colonna et a 1984, Pan et a 1998). The dif-
ferences are attributed to varying degrees of depolymerization and
molecular entanglement resulting from extrusion (Colonna et a
1984, Diosady 1986, Harper 1992). Extruded starches have been
characterized using differential scanning calorimetry (DSC), intrinsic
viscosity, pasting profiles, and chromatography. When large num-
bers of samples are generated, however, a rapid method of analysis,
such as a Rapid Visco Analyser (RVA) pasting profile, is advanta-
geous and has been used for starch mixtures and extruded starches
(Walker et a 1988, Deffenbaugh and Walker 1989, Deffenbaugh
and Walker 1990, Harper 1992, Whalen et al 1997).

The objectives of this study were to characterize a series of hy-
droxpropylated (8%) and cross-linked (0.0, 0.014, 0.018, 0.024,
0.028% POCI;) normal corn starches extruded at different condi-
tions using DSC, X-ray diffraction, and RVA pasting profiles. Extru-
sion variables included screw design of the extruder, starch moisture
content, extrusion temperature, and level of starch cross-linking.

MATERIALSAND METHODS

Materials

Normal corn starch was obtained from the Grain Processing
Corporation, Muscatine, 1A. Chemicals used were reagent-grade.
Propylene oxide, was obtained from Dow Chemical Co. (Midland,
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M1); phosphorous oxychloride was obtained from FMC (Princeton,
NJ). Other chemicals were used as received without further
treatments.

Chemical Modifications of Starch
Hydroxypropylation. An agueous sSlurry of unmodified dent
corn starch (40.0%, w/w) was heated to 40-50°C with agitation
and purged with nitrogen gas. Sodium hydroxide (1.6%, dsb) and
sodium chloride (24%, dsb) and sodium sulfate (2%, dsb) were
added to the slurry under vigorous agitation followed by the addi-
tion of propylene oxide (8%, dsb). The reaction was allowed to
proceed at 4% for 16 hr until terminated by adjustment to pH 6.0
(Hjermstad 1967, Tuschoff 1986, Rutenberg and Solarek 1984).
Cross-linking. NaOH (0.5-1.0%, dsb) and phosphorous oxychlo-
ride were slowly added (0.01-0.03%, dsb) to the agitated slurry
(Hullinger 1967, Rutenberg and Solarek 1984, Solarek 1986), and
the reaction was run at 43 for 2 hr. The reaction was terminated
by adjusting to pH 5.0-6.0 using hydrochloric acid. After pH adjust-
ment, the reaction slurry was thoroughly washed to remove salts
and reaction by-products and dried at@®or 12 hr.

Starch Extrusion

Starch extrusion was carried out using a co-rotating extruder
(Leistritz Micro-18, American Leistritz Extruder Co., Somerville,
NY) with a 30:1 screw length to diameter ratio and a 3.175 mm
die opening. Extruder screws were designed with an increasing
number of kneading blocks to impart increasing shear to the extru-
dates (Fig. 1). The extruder barrel was composed of six program-
mable heating zones (Table I). Starches with varying moisture
contents were prepared using a mixer (Kitchen Aid, St. Joseph,
MI) and a spray bottle to add water on a weight basis. Mixtures
were sealed in polyethylene bags and allowed to equilibrate for at
least 2 hr before extrusion. Starch was fed into the extruder at a
rate of 1.6 kg/hr. Mean residence time in the extruder barrels using
dyed starch was 49, 56, and 68 sec, respectively, for the low-,
medium-, and high-shear screw designs shown in Fig. 1.

Extruded starch was collected as a continuous strand after torque,
barrel temperature, and die pressure reached a steady state. On
completion of extrusion, the extrudate strands were immediately
placed in a 100 forced-air oven and dried for 8 hr. Dried
extrudates were milled with a hammer mill followed by a cyclone
mill (Udy Corp., Ft. Collins, CO) and then were sieved through a
160-mesh screen. Sieved starches were sealed in polyethylene
bags and stored until analysis.

Experimental Design

The treatment design was four factorial with a total of 162
treatments. Two replicates of the 162 treatments were carried out.
Variables and their levels used as treatments are presented in



Table I. The experiment was conducted following a split-split plot
design. Split plot treatments were the moisture and temperature
combinations. Screw designs were randomly set at low, medium,
or high, and the starches were extruded in random order. A single
experimental error term was used because the three error terms in
the split-split plot analysis of the hot paste viscosity and final
viscosity were similar.

Thermal Properties of Starches Deter mined by DSC

Thermal properties of the starches were anadyzed by using differ-
ential scanning caorimeter (DSC-7, Perkin Elmer Corp., Norwalk,
CT) equipped with an Intracooler 1l System and Pyris thermal
analysis software (Perkin-Elmer). Starch and water mixtures (1:3,
w/w) were sealed in auminum pans and equilibrated at room
temperature for 2 hr before analysis. An empty aluminum pan was

adjusting the total weight to 30 g with distilled water. A manual
premixing step with a spatula was required for the pregelatinized
starch samples to ensure homogeneity of the sample mixture. After
premixing, the starch paste was removed from the spatula with the
RVA paddle. The heating profile was hold at 30°C for 1 min, heat
to 95°C at 6.5°C/min, hold at 95°C for 5.5 min, cool to 50°C at
6°C/min, and hold at 50°C for 2 min. Paddle speed was set at 960
rpm for the first 5 sec and then 160 rpm for the remainder of the
analysis. Viscosity values were collected after holding at 95°C, at
16 min (hot paste), and cooling to 50°C, at 26 min (final).

RESULTSAND DISCUSSION

Thermal Properties
The onset gelatinization temperature and enthalpy change of

used as the reference. The samples were heated at 10°C/min onative corn starch determined by DSC were 66.1°C and 13.2 J/g,

a temperature range of 25-100°C. Indium and zinc were used

esspectively. The hydroxypropylated (8%) maize starches with

reference standards. The gelatinization temperature and enthalpy
change were determined following the procedure of Kasemsuwan

7000

et al (1995). Enthalpy changaAH), onset temperaturd §), peak
temperatureT;,), and conclusion temperaturk)were computed.
X-ray Diffraction Patterns 6000 +
The X-ray patterns of the starches were obtained with coppe
nickel foil filtered, Ko radiation using a diffractometer (D-500
Siemens, Madison, WI) following the method of Jane et al (1997 ~ 5000 1
The diffractometer was operated at 27 mA and 50 kV. The -y
scanning region of the diffraction angleéd(2vas 4-40° at a 0.05° 2 4000
step size with a count time of 2 sec. Starches were equilibrated ‘2 o
100% rh for 24 hr at 25°C before examination. °
2 3000 |
Pasting Properties of Extruded Starches =
Pasting profiles of extruded starches were examined using @
Rapid Visco Analyser (RVA-4, Newport Scientific, NSW, Aus- 2000 4
tralia). Starch suspension (15%, dsb) was prepared by weighir
milled, extruded starch (4.50 g, dsb) into an RVA canister an
1000
TABLE |
Experimental Variablesand L evels of Use
0 } t t ! : : t :
Factor Factor L evels 4 8 12 16 20 24 28 32 36 40
Crosslinking (%POCl3) 0 0.014 0.018 0.024  0.028
Moisture (% dsb) 30 35 40 Two Theta Degrees
Screw Low Medium High
Temp. profile (feed . 40,45,50,55,  45,55,65, 60, 70, 80, 90, Fig. 2. X-ray diffraction patterns for native corn starch and native corn
die) of barrel (°C) €0, 60 75, 80, 80 100, 100 starch extruded at 30% moisture and high shear at 60, 80, and 100°C.
FEED
SECTION
5D L
A
B
FEED
SECTION
300 iﬁb 200 15D 100 50 1]
| [k | | k| R
C ¥ v b

Fig. 1. Screw designs. Number of kneading elements increase from low (A), medium (B), to high (C) shear. K denotes sections of kneading blocks.
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cross-linking levels of 0, 0.014, 0.018, 0.024, and 0.028% POClI, subjected to higher extrusion temperatures (100°C) showed no
had onset gelatinization temperatures of 50.6, 52.6, 50.6, 51.9, and gelatinization peak, indicating total gelatinization of the starch
50.8°C, and enthalpy changes of 6.5, 9.2, 8.5, 8.1, and 8.3 Jiring high-temperature extrusion.

respectively (Table Il). The decreased gelatinization temperatures

and enthalpy changes of the chemically modified starches fror®tarch Crystallinity

that of the native corn starch indicated the crystalline structure of The X-ray diffraction patterns of the extruded starches showed
the native starch granules was destabilized and possibly reductwt crystallinity decreased as the temperature of extrusion increased.
during the cross-linking and hydroxypropylation reactions atNative corn starch displayed an A-type X-ray diffraction pattern
alkaline pH (Table Il). DSC thermograms of extruded starche§Fig. 2). Native corn starch extruded at 30% moisture and high
showed those extruded at 60 and 80°C displayed a smallshear at 60°C displayed reduced crystallinity. At extrusion temper-
gelatinization endotherm than their respective unextruded counteatures of 80 and 100°C, the starch was gelatinized as indicated by
parts. The onset gelatinization temperatures of the extruded starctiee absence of crystalline peaks (Fig. 2). X-ray diffraction patterns
generally were somewhat higher than those of the parent starchasextruded hydroxypropylated and cross-linked hydroxypropylated
(Table II). The magnitude of the enthalpy change decreased whetarches showed similar decreases in crystallinity as extrusion
the extrusion temperature increased. Increased onset gelatinizatimmperature increased (data not shown). DSC showed a small
temperatures of the extruded starches indicated that starch grahermal transition peak for the native corn starch extruded at
ules with lower gelatinization temperatures (such as damage3D°C, whereas X-ray analysis showed no diffraction pattern. It is
starches) were gelatinized during extrusion; those with higher gelaossible that the remaining crystallites were too small to display
tinization temperatures were more resistant to extrusion. Starchaa X-ray diffraction pattern. The X-ray pattern of the native corn

TABLE I
Thermal Properties of Starch Gelatinization of Native Starches and Selected Extruded Starches by Differential Scanning Calorimetry?
Moisture Temperature Onset Peak Conclusion Enthalpy
Starch® Content (%) (°C) Screw Shear (To) (Tp) (To) (AH)
Native 66.1 + 0.3° 70.7+0.2 75.2+03 13.2+0.8
HP 0.0% POCl; 50.6 £ 0.1 55.6 £ 0.1 62.0+0.2 6.5+0.6
HP, 0.014% POCl 526+0.1 574+0.2 63.3+0.1 9.2+09
HP, 0.018% POCI; 50.6 £ 0.2 56.0 £ 0.1 62.0+0.3 85+04
HP, 0.024% POCl 3 519+ 0.0 572+ 0.0 63.3+0.0 81+0.1
HP, 0.028% POCI 3 50.9£0.3 56.5+0.3 62.8+0.1 83+03
Native 30 60 Low 69.8+0.1 73702 77305 19+0.0
30 80 Low 66.4 £ 0.0 70.7 £0.0 73.6£0.1 04+0.0
30 100 Low ndd
30 60 Med 63.2+0.1 69.3+0.0 743+0.3 20+£03
30 80 Med 679+0.2 723+0.2 76.2+0.1 14+01
30 100 Med nd
30 60 High 655+0.1 704+ 05 745+ 0.0 09+02
30 80 High 66.7 £ 0.4 71.6+£0.2 75.6 £0.0 1.6+0.2
30 100 High nd
40 60 Low 68.2+0.3 722+0.2 76.2+04 43+02
40 80 Low 73.3+04 76.9+04 80.3+0.3 06+0.1
40 100 Low nd
40 60 High 65.2+0.1 69.8+0.2 74.0+0.3 53+02
40 80 High 71.0+£0.2 742+0.2 775+0.2 09+04
40 100 High nd
HP, 0.0% POCl; 30 60 Low 529+ 04 58.1+0.4 65.0 £ 0.5 09+0.1
30 80 Low 66.4+0.1 70.7+£0.2 73.6+0.1 04+01
30 100 Low nd
30 60 High 51.0+0.1 56.5+ 0.2 63.5+0.7 1.7+0.1
30 80 High nd
40 60 Low 55.6 + 0.0 60.0+ 0.2 64.4+0.7 03x0.1
40 80 Low nd
40 60 High 51.2+0.0 56.5+0.2 63.4+0.8 1.7+£0.0
40 80 High 61.8+0.9 65.1+ 0.6 66.7 £ 0.9 04+02
40 100 High nd
HP, 0.028% POCI ; 30 60 Low 544 +0.2 59.4+ 0.6 64.2+0.0 05+0.0
30 80 Low 593+ .0 60.8 £ 0.1 63.2+0.1 0.2+0.0
30 100 Low nd
30 60 Med 50.3 £ 0.6 56.1+0.1 58.8 £ 0.0 02+0.0
30 80 Med nd
30 60 High 66.9 £ 0.6 69.0£0.9 71.2+0.3 03x01
30 80 High nd
35 60 High 50.7 £0.2 56.3+0.1 62.2+0.3 09+01
35 80 High nd
40 60 Low 54.7+0.2 60.3+0.7 65.0+0.9 0.5+0.0
40 80 Low nd
40 60 High 525+ 0.1 57.3+0.0 62.8 0.1 18+0.2
40 80 High nd

a Results are the mean of at least three replicates.
b HP = hydroxypropylated.

¢ + Standard deviation.

d No peak was detected
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starch extruded at 100°C displayed a peaks21° and small Effect of extrusion temperature. The extrusion temperature affected
bumps at 13°, indicating a small amount of V-type amylose-lipidhe hot paste viscosity and final viscosity of extruded starches

complexes. (Table 111). Figure 4 shows cross-linked (0.028% P£&Yydroxy-
propylated (8%) corn starches extruded at 40% moisture, high
Pasting Properties shear, and increasing temperature (60, 80, and 100°C). Starches

The pasting profiles of the native and chemically modifiedextruded at low temperature (60°C) displayed a lower instant vis-
starches (8%, dsb) are shown in Fig. 3. The starch pasting temssity and higher hot paste and final viscosity than those extruded
peratures were 76.4, 57.3, 59.1, 59.0, 59.5, andG9@ native  at 80 and 100°C. Similar extrusion temperature effects on instant
corn starch and cross-linked (0.0, 0.014, 0.018, 0.024, and 0.028%d final viscosities have been reported for wheat flour (Seiler et
POCL) hydroxypropylated (8%) corn starches, respectively (Figal 1980) and wheat starch (Colonna et al 1984). Cross-linked
3). The pasting temperatures of the modified starches increased (028% POG) hydroxypropylated (8%) corn starch extruded at
cross-linking. The final viscosity of the starches increased withow temperature (60°C) and high moisture (40%) displayed a
increasing levels of cross-linking, 131.7, 253.8, 307.4, 325.8, ansmall pasting peak with a pasting temperature of 60°C (Fig. 4).
380.4 RVU, for cross-linked (0.0, 0.014, 0.018, 0.024, and 0.028%his small pasting peak occurred at a similar temperature range to
POCL) hydroxypropylated (8%) corn starches, respectivelythe pasting peak of the unextruded parent starch (Fig. 3). Those
compared with 214.8 RVU for native starch (Fig. 3). The pasting@xtruded starches displaying a small pasting peak also displayed a
peak viscosity increased with levels of cross-linking up to 0.0189%SC gelatinization peak with a reduced enthalpy change and resi-
POCL. With further increases in cross-linking level in normal dual A-type X-ray diffraction pattern. These results confirmed the
starches, the peak viscosity decreased and the final viscosiyesence of remaining crystalline structure in the starches extruded
increased (Fig. 3), which agreed with those reported by Rutenbeag low temperature (60°C) and were in agreement with the scan-
and Solarek (1984) and Kasemsuwan and Jane (1994). ning electron microscopy results, which showed distorted and

The experimental design for extrusion processing consisted @ifactured granule residues present in these starches (McPherson
two replicates of 162 treatment combinations that included screand Jane 2000).
design (shear), extrusion temperature, starch cross-linking level, Viscosity of extruded starches decreased as temperature of extru-
and starch moisture content. Pasting profiles were generated asidn increased from 60 to 100°C (Table IIP € 0.0001) except
analyzed for all treatment combinations. Because the extrudddr those extruded at 30% moisture content. The increased extrusion
starches displayed low hot paste viscosity and final viscosity, &mperature gelatinized the starches to a greater extent. Passage of
solid content of 15% (dsb) was used for the pasting study, whictme gelatinized starch through the extruder barrel resulted in shear
resulted in reproducible RVA pasting profiles with adequate viscositgegradation of the molecules and subsequent decreases in hot
levels for detection. Most of the extruded starches displayefaste and final viscosity (Bhattacharya and Hanna 1987).
substantial instant viscosity after stirring for 1 min at 30°C,

indicating that the starches had been pregelatinized by extrusion 100

(Flgs 3_7) . . . . . — — — Native
Average hot paste viscosity and final viscosity of extruded starche. || -2z-: HPO%CL | 50
were calculated for each of the treatments and are summarized 3% 7] —g=Hroois%
Tables Il and IV. Differences between the means of the - - - HPOOaeR 80
treatments are discussed in terms of significant variables an= 300 ¢
variable interactions. Extruded starches displayed different pastin T
profiles from their respective parent starches (Figs. 3-7). Repre 2 20 50‘10«
sentative pasting profiles of extruded starches from various treat & o
ment combinations are shown in Figs. 4-7. 2 200 so?;
: 1
@ 150 1§
~ 7 (-}
TABLE 111 > -
Aver age Viscosities (RVU)?2 for Combinations of Starch Moisture Content 1%
and Extrusion Temperature (standard error = 12.93) e e N 20
Starch Moisture Extrusion Temperature (°C) Starch Moisture 50 4 o
Content (%) 60 80 100 Content Mean®
30 9461 10208 104.71 100.20 0 — ———t 0
35 170.35 160.01  133.79 154.71 0 2 4 6 8 10 12 14 16 18 20 22 24
40 267.32 23042 19859 232.11 .
Extrusiontemp. mean® 17743  164.14  145.46 Time (min)
a Rapid Visco Analyser units. Fig. 3. Rapid Visco Analyser pasting profiles of unextruded native corn
b Standard error of the starch moisture content means = 7.46. and cross-linked (0, 0.014, 0.018, 0.024, and 0.028% POCI3) hydroxy-
¢ Standard error of the extrusion temperature means = 7.46. propylated (8%)corn starches at 8% solids (dsb).
TABLE IV
Aver age Viscosities (RVU)a for Combinations of Starch Cross-Linking and Shear (standard error = 5.08)
% POCI3in Cross-Linked and Hydroxypropylated (8%) Corn Starches
Shear Native Corn Starch 0 0.014 0.018 0.024 0.028 Shear Mean®
Low 347.24 89.95 167.31 226.52 230.61 299.91 226.92
Medium 292.14 72.3 97.23 120.51 130.19 174.19 147.76
High 260.77 56.08 80.23 96.68 101.91 135.69 121.89

Starch cross-linking mean® 300.05 72.78 114.92 147.90 154.24 203.26

a Rapid Visco Analyser units.
b Standard error of shear means = 2.28.
¢ Standard error of starch cross-linking means = 2.93.
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Fig. 5. Rapid Visco Analyser pasting profiles (15% solids, dsb) of cross: 100 C» 30% moisture at low, medium, and high shear.

linked (0.014% POCI3) hydroxypropylated (8%) corn starch extruded at
100°C and medium shear at 30, 35, and 40% moisture. from those extruded with 35 and 40% moistuRe < 0.0001)
(Table 111). This difference may be attributed to the starch with lower

Effect of moisture content. Viscosity of the extruded starches moisture content having a higher glass transition temperature.
increased as starch moisture content increased from 30 to 40%  Thus, being extruded at higher temperature, the starch became
(Table 111) (P < 0.0001). An example of the effect of varying mois- rubbery and resulted in less friction and less degradation as sup-
ture content during extrusion on starch pasting profiles is shown in ported by SEM structures and increased glass transition temper-
Fig. 5 with cross-linked (0.014% POCI5) hydroxypropylated (8%) atures of cross-linked starches reported by McPherson and Jane
corn starch extruded at 100°C and medium shear with moistuf@000).
levels of 30, 35, and 40%. Moisture acts as a plasticizer during Effect of cross-linking. As the level of starch cross-linking
extrusion of starches and lowers the extent of shear degradatimecreased, the average viscosity of the chemically modified starches
(Lai and Kokini 1991). This effect has been reported for hot pastiecreased to a greater degree with extrusion at low shear than with
and final viscosity in unmodified wheat starch (Colonna et akxtrusion at medium and high shear (Table IF)<(0.0001). In
1984, Mason and Hoseney 1986) and corn starch (Chinnaswarggneral, the instant and final viscosity of starch pastes increased
and Hanna 1990). Amylopectin molecular weights of extrudedvith increasing levels of starch cross-linking as shown in Fig. 6
cross-linked hydroxypropylated (8%) starches decreased as tf@r starches extruded at 30% moisture, 100°C, and high shear.
moisture content decreased during extrusion (McPherson and JaBoss-linked starches retained more structure when extruded at
2000). Starch extruded with 30% moisture content displayed law shear, which resulted in greater hot paste and final viscosity than
slight increase in viscosity with increasing temperature from 60 tdid those extruded at medium and high shear. The extruded native
80°C and remained unchanged from 80 to 100°C, which differedorn starches had higher average viscosity than did the extruded
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chemically modified starches (Table IV). This was caused by the
retention of crystalline materia in the native starch as shown by
DSC, X-ray diffraction, and RVA pasting profiles, which was a result
of native corn starch having a higher gelatinization temperature
(Table I1). Level of starch cross-linking had a significant effect on
the viscosity of the extruded starches (P < 0.0001). Asthe level of
starch cross-linking increased from 0.0% POCI; to 0.028% POCI;
the average viscosities of the starches also increased (Table IV) (P
< 0.0001). This is in agreement with the results reported by
McPherson and Jane (2000) showing that amylopectin molecular
weights of extruded hydroxypropylated (8%) starches with cross-
linking were higher than those without cross-linking. Cross-linking
is used to impart shear, acid, and thermal stability to starches in
various conventional processing applications such as retorting, con-
tinuous mixing, and pumping (Hullinger 1967, Rutenberg and
Solarek 1984).

Effect of shear. Viscosity of extruded starches decreased as the
level of shear increased from low to high (Table IV) (P < 0.0001).
Figure 7 shows an example of the effect of shear on cross-linked
(0.028% POCI5) hydroxypropylated (8%) corn starch extruded at
100°C and 30% moisture. Similar findings have been reported for
extruded corn grits (Barres et a 1990) and wheat flour (Seiler et al
1980).

CONCLUSIONS

Extrusion of hydroxypropylated (8%) corn starch with varying
levels of cross-linking (0, 0.014, 0.018, 0.024, and 0.028% POCI,)
at different levels of moisture, barrel temperature, and shear resulted
in arange of partialy to totally pregelatinized starches. Differential
scanning calorimetry and X-ray diffraction both showed remaining

crystallinity in starches extruded at low temperature (60°C). Star

Diosady, L. L. 1986. Review of recent studies in the mechanism of starch
extrusion. In: Food Engineering and Process Applications. Vol. 2. M.
Lemauger and P. Jelen, eds. Elsevier Applied Science: New York.

Doublier, J. L., Colonna, P, and Mercier, C. 1986. Extrusion cooking and
drum drying of wheat starch. I1. Rheological characterization of starch
pastes. Cereal Chem. 63:240-246.

Gomez, M. H., and Aguilera, J. M. 1984. A physicochemical model for
extrusion of corn starch. J. Food Sci. 49:40-43.

Harper, J. M. 1989. Food extruders and their applications. Pages 1-16 in:
Extrusion Cooking. C. Mercier, P. Linko, and J. M. Harper, eds. Am.
Assoc. Cereal Chem.: St. Paul, MN.

Harper, J. M. 1992. Extrusion processing of starch. Pages 37-64 in: Devel-
opments in Carbohydrate Chemistry. R. J. Alexander and H. Zobel,
eds. Am. Assoc. Cereal Chem.: St. Paul, MN.

Hjermstad, E. T. 1967. Production and uses of hydroxyethyl starch. Pages
423-430 in: Starch: Chemistry and Technology, Vol I1. R. L. Whistler
and E. F. Paschall, eds. Academic Press: New York.

Hullinger, C. H. 1967. Production and use of cross-linked starch. Pages
445-450 in; Starch: Chemistry and Technology, Vol. II. R. L. Whistler
and E. F. Paschall eds. Academic Press: New York.

Jane, J., Wong, K., and McPherson, A. (1997). Branch-structure difference
in starches of A- and B-type X-ray patterns revealed by their Naegeli
dextrins. Carbohydr. Res., 300:219-227.

Kasemsuwan, T., and Jane, J. 1994. Location of amylose in normal starch
granules. I1. Locations of phosphodiester cross-linking revealed by phos-
phorous-31 nuclear magnetic resonance. Cereal Chem. 71:282-287.

Kasemsuwan, T., Jane, J., Schnable, P., Stinard, P., and Robertson, D. 1995.
Characterization of the dominant mutant amylose-extender (Ael-
5180) maize starch. Cereal Chem. 72:457-463

Lai, L. S, and Kokini, J. L. 1991. Physicochemical changes and rheo-
logical properties of starch during extrusion: A review. Biotechnol. Prog.
7:251-266.

Mason, W. R., and Hoseney, R. C. 1986. Factors affecting the viscosity
of extrusion-cooked wheat starch. Cereal Chem. 63:436-441.

I}/]IcPherson, A. E., and Jane, J. 2000. Extrusion of cross-linked, hydroxy-

C propylated starches. Il. Morphogical and molecular characterization.

moisture content, extrusion temperature, level of starch cross-linking, cereal Chem. 77:326-332.

and screw design were shown to affect pasting characteristics grcier, C. 1977. Effect of extrusion-cooking on potato starch using a twin
measured by RVAR < 0.0001). Increasing the starch moisture screw French extruder. Starch/Staerke 29:48-52.

content level and cross-linking resulted in extruded starches wittercier, C., and Feillet, P. 1975. Modification of carbohydrate components
increased hot paste and final viscosity. The interactions betweenby extrusion-cooking of cereal products. Cereal Chem. 52:283-297.
cross-linking level and level of shear and between starch moistuf@n. Z., Zhang, S., and Jane, J. 1998. Effects of extrusion variables and

content and extrusion temperature were significant.

LITERATURE CITED

Anderson, R. A., Conway, H. F,, and Peplinski, A. J. 1970. Gelatinization
of corn grits by roll cooking, extrusion cooking and steaming. Starch/
Staerke 22:130-135.

Barres, C., Vergnew, B., Tayeb, J., and Della Verde, G. 1990. Transfor-
mation of wheat flour by extrusion cooking: Influence of screw config-
uration and operating conditions. Cereal Chem. 67:427-433.

Bhattacharya, M., and Hanna, M. A. 1987. Kinetics of corn meal gelatin-
ization at high temperature and low moisture. J. Food Sci. 52:764-766.

Chinnaswamy, S., and Hanna, M. 1990. Macromolecular and functional prop-
erties of native and extrusion-cooked corn starch. Cereal Chem. 67:490-499.

Colonna, P., Doublier, J. L., Mélcion, J. P., DeMonredon, F., and Mercier, C.
1984. Extrusion cooking and drum drying of wheat starch |. Physica
and macromolecular modifications. Cereal Chem. 61:538-543.

Colonna, P, Tayeb, J., and Mercier, C. 1989. Extrusion cooking of starch
and starchy products. In Extrusion cooking, C. Mercier, P. Linko, and
J. M. Harper, eds. Am. Assoc. Cereal Chem.: St. Paul, MN.

Deffenbaugh, L. B., and Walker, C. E. 1989. Use of the rapid visco analyzer
to measure starch pasting properties. |: Effect of sugars. Starch/Staerke
41:461-467.

Deffenbaugh, L. B., and Walker, C. E. 1990. Use of the rapid visco analyzer
to measure starch pasting properties. Il. Effects of emulsifiers and
sugar-emulsifiers interactions. Starch/Staerke 42:89-95.

blowing agents on the pasting properties of starch based binders and
extrusion operation parameters. Cereal Chem, 75:541-546.

Powell, E. L. 1967. Production and uses of pregelatinized starch. Pages
523-536 in: Starch: Chemistry and Technology, Val. II. R. L. Whistler,
and E. F. Paschall, eds. Academic Press. New York.

Rutenberg, M. H., and Solarek, D. 1984. Starch derivatives: Production and
uses. Pages 311-366 in: Starch: Chemistry and Technology, 2nd ed. R. L.
Whistler, J. N. BeMiller, and E. F. Paschall, eds. Academic Press: New
York.

Ryu, G. H., and Walker, C. E. 1995. The effects of extrusion conditions of
the physica properties of whest flour extrudates. Starch/Staerke 47:33-36.

Seiler, K., Weipert, D., and Seibel, W. 1980. Viscosity behavior of
ground extrusion products in relation to different parameters. Pages
808-819 in: Food Process Engineering, Vol. 1. P. Linko, Y. Malkki, J.
Olkku, and J. Larinkari, eds. Elsevier Applied Science: London.

Solarek, D. 1986. Phosphorylated starches and miscellaneous inorganic
esters. Pages 98-108 in: Modified Starches: Properties and Uses. O. B.
Wurzburg, ed. CRC Press. Boca Raton, FL.

Tuschoff, J. V. 1986. Hydroxypropylated starches. Pages 90-96 in: Modi-
fied Starches: Properties and Uses. O. B. Wurzburg, ed. CRC Press: Boca
Raton, FL.

Walker, C. E., Ross, A. S, Wrigley, C. W., and McMaster, G. J. 1988.
Accelerated starch paste characterization with the rapid visco analyzer.
Cereal Chem. 33:491-494.

Whalen, P. J,, Bason, M. L., Booth, R. I., Walker, C. E., Williams, P. J. 1997.
Measurement of extrusion effects by viscosity profile using the rapid
visco analyzer. Cereal Foods World 42:469-475.

[Received June 17, 1999. Accepted January 5, 2000.]

Vol. 77, No. 3, 2000 325



